−6
/gene per generation). Deletions of highly expressed genes are particularly deleterious, given their paucity in even the N = 1 lines with minimal efficacy of selection. The increase in average transcript abundance of new duplicates arising under minimal selection is significantly greater than twofold compared with single copies of the same gene, suggesting that genes in segmental duplications are frequently overactive at inception. The average increase in transcriptional activity of gene duplicates is greater in the N = 1 MA lines than in MA lines with larger population bottlenecks. There is an inverse relationship between the ancestral transcription levels of new gene duplicates and population size, with duplicate copies of highly expressed genes less likely to accumulate in larger populations. Our results demonstrate a fitness cost of increased transcription following duplication, which results in purifying selection against new gene duplicates. However, on average, duplications also provide a significant increase in gene expression that can facilitate adaptation to novel environmental challenges.
gene duplication | experimental evolution | transcription | selection | mutation accumulation T he fundamental role of gene acquisition and loss in the evolution of biodiversity has long been recognized (1) , although other mutational classes (base substitutions and small indels) have been presumed to be the major contributors to genetic variation. The advent of genomics afforded the first glimpse into the widespread copy-number polymorphism existing within and among populations and their ubiquity across all domains of life (2) . Gene acquisition and loss, both fundamental processes in genome evolution, embark on their evolutionary trajectories as copy-number variants (CNVs) in populations. CNVs have additional important consequences for evolutionary processes including genetic load and speciation, as well as implications for human disease given that somatic CNVs contribute to cancer origin and progression. Our current understanding of the evolutionary dynamics of CNVs largely comes from studies of their distribution and frequencies in natural populations and comparative genomics of extant organisms (3) (4) (5) (6) . However, while these observations provide insights into the long-term retention of CNVs, less is known about their initial establishment and fixation process within populations. Duplications and deletions in the wild have already been through the sieve of natural selection and therefore provide an incomplete understanding of the early evolutionary dynamics of CNVs where most of selection takes place. Furthermore, CNVs identified in natural populations are of variable or uncertain age and may have undergone additional modifications of their expression patterns and biological functions that no longer reflect their original consequences at conception. Lastly, the immediate phenotypic, average fitness, and transcriptional consequences of this class of mutations upon conception remain largely obscure.
The fate of mutations in populations depends on the rate at which they arise and the combined action of the evolutionary forces of genetic drift and natural selection (7) (8) (9) (10) . In general, population dynamics of new mutations are dominated by drift when the effective population size, N e , is less than 1/s, where s is the fitness effect. In very small populations, the fate of most mutations is determined by drift rather than selection. In larger populations, purifying selection becomes more effective in purging deleterious mutations. In mutation accumulation (MA) Significance Copy-number variants are ubiquitous in nature, yet their immediate functional consequences are obscure. We conducted a spontaneous mutation accumulation experiment at varying sizes in Caenorhabditis elegans, thereby enabling the simultaneous investigation of the mutational input and strength of selection on the evolution of copy-number changes. Wholegenome sequencing reveals the highest genome-wide rate of gene duplication for any species thus far. Our transcriptome analysis further demonstrates that gene duplication frequently results in a greater than two-fold change in transcription. Despite the adaptive role of duplication as the primary source of novel genes, we find duplications and deletions of highly transcribed genes to be more detrimental to fitness and evidence for selection against increase in transcript abundance.
experiments, multiple replicate lines descended from an ancestral inbred genotype are subjected to consecutive bottlenecks at a minimum population size that greatly impairs the efficacy of selection, facilitating the accumulation and study of the majority of newly originating mutations that would have been typically purged in natural populations (11) .
We employed a spontaneous MA experiment design comprising three population size treatments in Caenorhabditis elegans (12) (13) (14) . MA lines, all descended from a single N2 hermaphrodite ancestor, were bottlenecked each generation at N = 1, 10, or 100 hermaphrodites (SI Appendix, Fig. S1A ) for >400 generations, allowing us to jointly assess the molecular and transcriptional consequences of segmental duplications and deletions under conditions of neutrality and with increasing intensity of selection. The predominantly self-fertilization mode of reproduction in hermaphroditic species such as C. elegans additionally results in a further reduction of N e relative to the census population size (N) (9, 15) . Hence, the genetic effective population sizes of our three population size treatments correspond to N e = 1, 5, and 50 individuals wherein mutations with selection coefficients less than 1/2N e are expected to accumulate at the neutral rate and contribute to mutational degradation, respectively (7, 16) (SI Appendix, Fig. S1B ). These are approximations but the general relationship between population size and efficiency of selection still holds, namely that selection is more efficient in larger populations. A comparison of the accumulated mutations in experimental lines of different N e subsequently facilitate inferences about the fitness consequences of different classes of mutations. Leveraging this experimental framework with high-throughput sequencing enabled us to identify de novo mutational and transcriptional variants within each line at a genome-wide scale since their divergence from a common ancestor. Another advantage of our experimental approach is the ability to identify the genomic and transcriptional properties of CNVs in their evolutionary infancy without the confounding effects of uncertain demography and evolutionary age.
Results
Extraordinarily High Rates of Spontaneous Duplication and Deletion.
We identified 161 simple and complex independent copy-number changes across 33 MA lines (SI Appendix, Tables S1-S4). The N = 1 populations should have a minimal influence of selection to provide the spontaneous mutation rate and the expected rate of neutral evolution. We detected 48 independent duplication events in the N = 1 populations, yielding a spontaneous rate of 6.5 × 10 /protein-coding gene per generation (Table 1) . However, 85% of the deletions are in fact the loss of duplicate copies in preexisting CNVs, and the spontaneous rate of loss of single-copy genes is only 7.3 × 10 −7 /protein-coding gene per generation.
One MA line in particular, 1T, contributed 93.6% and 75% of all duplications and deletions, respectively, to the pool of copynumber changes detected in the N = 1 lines. The genome of 1T contained six duplications and seven deletions across four chromosomes. Two extremely large duplications on chromosomes I and V by themselves contribute to 91.1% of all of the duplicated genes in the N = 1 lines (SI Appendix, Fig. S2 ). Some of the copynumber changes in 1T were duplication-inversion and duplicationdeletion combinations reminiscent of complex genomic rearrangements (CGR) or chromothripsis detected in cancer cells (17, 18) and in mutagenized C. elegans (19) . This MA line went extinct after 309 generations, one of three to do so over the course of the experiment. If we exclude 1T from the calculations of the spontaneous duplication and deletion rates in the N = 1 MA lines, we obtain rates of 2.64 × 10 −6 and 1.19 × 10
/protein-coding gene per generation, respectively, which are an order of magnitude greater than our preceding estimates for C. elegans (20) .
MA lines bottlenecked at population sizes of N = 10 and 100 individuals per generation enable insight into the dual influence of mutation and selection on standing genetic variation created by copy-number changes. We identified 97 and 42 complete or partial gene duplicates in the N = 10 and 100 lines, respectively, yielding accumulation rates of 1.03 × 10 −6 and 8.02 × 10 −7 duplications/ gene per generation (Table 1) . While the larger population sizes in our experiment have, on average, lower duplication accumulation rates than the N = 1 lines, the relationship between population size and duplication rate is not significant (Fig. 1A) . In contrast, the deletion rates are significantly correlated with population size, providing evidence of their strongly deleterious effects on fitness and a potent role of selection in their eradication even at small population sizes (Fig. 1B) .
Deleterious Fitness Consequences of Large Copy-Number Changes.
Under minimal selection in the N = 1 lines, the median duplication and deletion span was 10.6 kbp (range of 936 bp-10.1 Mbp) and 7.3 kbp (range of 114 bp-1.2 Mbp), respectively. The distribution of the duplication and deletion spans were not significantly different from previous estimates generated for a different set of C. elegans N = 1 MA lines using oligonucleotide array comparative genome hybridization (oaCGH) methods (Kruskal-Wallis H = 3.8, P = 0.05, and H = 0.94, P = 0.33, respectively) (20) . In contrast, the spontaneous duplication and deletion spans in this study are significantly smaller than those observed in experimental C. elegans populations undergoing adaptation under strong selection (21) with a median duplication and deletion span of ∼191 kbp (Kruskal-Wallis H = 14.6, P = 0.00013) and ∼12.5 kbp (H = 4.7, P = 0.03), respectively. The difference in the duplication and deletion spans between MA and adapting populations may reflect selection on gene dosage in the adapting populations as larger duplication and deletion tracts have a greater likelihood of encapsulating genes under selection for altered gene dosage (20, 21) . Mutation rate estimates for the N = 1 populations represents the spontaneous rate of origin of gene duplications and deletions with minimal influence of selection. Rate estimates for the N = 10 and 100 populations denote copy-number changes with increasing intensity of natural selection. *Number of events.
† Total number of genes duplicated. ‡ Rate of duplication (/gene per generation). § Total number genes deleted.
{

Rate of deletion (/gene per generation).
How does purifying selection impinge on the size of copynumber changes? Larger duplication and deletion tracts spanning many loci may have a greater propensity for disturbing dosage balance and have the potential to impose a substantial fitness cost (2). However, smaller duplication tracts may fail to encapsulate the full repertoire of cis-regulatory elements and/or coding regions, thereby engendering some fitness cost (22) associated with superfluous expression of nonfunctional partial mRNAs. We compared the length distribution of duplication and deletion spans across the three population sizes to determine the role of selection, if any, in dictating the size of copy-number variants. Duplication span is negatively correlated with population size (Fig. 1C) , primarily due to large (>100 kb) duplications that appear in the N = 1 lines but are absent in the larger populations. Deletion span is not significantly correlated with population size when all deletions are considered, but negatively correlated with population size when only fixed deletions (present in all individuals sampled from a population) are considered (Fig. 1D) . The discrepancy in the results between fixed and polymorphic deletions is due to large deletions that were only found in single individuals in the larger populations sizes (N = 10 and 100). In fact, fixed deletions are significantly smaller than polymorphic deletions in these larger populations (Kruskal-Wallis H = 4.6, P = 0.03). These results provide evidence for significant deleterious fitness consequences of large copynumber changes and their eradication by selection even at small to moderate population sizes.
Greater than Twofold Increase in Transcription Following Gene Duplication
Under Minimal Selection. We conducted RNA-sequencing (RNAsequencing) analysis of our MA lines to investigate the relative roles of divergent evolutionary forces such as drift and selection in shaping expression divergence following gene duplication. Surprisingly, there is a sizeable and significant difference in the change of mRNA abundance of duplicated genes between line 1T that bears several large duplications and copy-number changes relative to the remaining N = 1 lines (Fig. 2A) . The average and median increase in transcript abundance of duplicated genes in line 1T relative to single copies of the same gene in other N = 1 MA lines is twofold and 1.7-fold, respectively. For the remaining N = 1 lines (n = 17), there was an average threefold (median 3.1-fold) increase in the transcript abundance of duplicated genes relative to other N = 1 MA lines bearing the same loci in singlecopy form (Fig. 2A) . The average increase in transcript abundance of gene duplicates significantly exceeds the twofold increase expected if transcriptional changes are additive and scale linearly with copy number (t = 10.64, P = 2.2 × 10
−6
).
Lower Increase in Transcription of Gene Duplicates in Larger
Populations. MA lines maintained at larger population sizes (N = 10 and 100 individuals) engender a significantly smaller increase in transcript abundance due to duplicated genes relative to the N = 1 lines, presumably displaying the influence of greater intensity of purifying selection against duplications with a large transcriptional effect (Fig. 2B) . Alternatively, there may be selection for chromatin-mediated gene silencing of duplicated loci at larger population sizes or selection for compensatory modifiers regulating duplicate gene expression. 
Strong Selection
Transcriptome analysis of the ancestral control found no difference in the distribution of transcript abundance of genes that were subsequently duplicated in the N = 1 lines during the MA phase versus those that were not duplicated (Fig. 2C) . Hence, the duplicated genes in the N = 1 lines constitute an unbiased sample of ancestral genes with respect to transcriptional level. In contrast, deleted genes in the N = 1 lines tend to have lower transcriptional levels in the ancestral control (Fig. 2C) . Therefore, deletions of some highly transcribed genes are likely eradicated by selection even in the N = 1 lines with minimal efficacy of selection, suggesting their strongly detrimental average fitness effects. Additionally, there is a significant negative relationship between transcript abundance before duplication in the pre-MA ancestral control and population size (Fig. 2D) . Duplications of genes with greater transcript abundance in the ancestral line are significantly less likely to accumulate in larger MA populations than in the N = 1 MA lines. Together these results demonstrate that the duplication of highly expressed genes is more deleterious and less tolerated at higher population sizes subject to greater intensity of selection. However, the results do not rule out that duplications of some highly transcribed genes were selected for in the larger population size treatments.
Structural and Genomic Features of Copy-Number Changes at
Conception and Under Increasing Selection Intensity. The distribution of copy-number changes is nonrandom across the C. elegans chromosomes (Fig. 3A and SI Appendix, Fig. S3) . A disproportionate number of simple independent duplications and deletions occurred on chromosome V (SI Appendix, Table S5 ). Chromosome V, which comprises 21% of the genome, incurred 42% of simple duplications of single-copy genes, 52% of all deletion events, and 58% of all copy-number changes to preexisting duplications. The majority of copy-number gains or losses in preexisting duplications occur only once in any particular MA line. However, three preexisting duplications in chromosome V have unusually high numbers of copy-number gains or losses. These three CNVs, all located within 2 Mbp of one another on the far end of the right arm of chromosome V, are the sites of 12 independent copy gains and 13 copy losses across all of the MA lines. The significant elevation in spontaneous copy-number changes in chromosome V relative to the other chromosomes predicts that natural populations should also exhibit greater variation in gene copy number on chromosome V relative to other chromosomes. Indeed, the right arm of chromosome V is a region of deletion enrichment in natural isolates of C. elegans (4, 23, 24) .
The breakpoints of copy-number changes are also nonrandomly distributed within chromosomes ( Fig. 3B and SI Appendix, Table  S6 ). Breakpoints are more frequent in the arms and less frequent in the cores than expected by chance. This difference between the arms and the cores may be partly explained by differences in recombination frequency observed within the C. elegans genome with low recombination rates in gene-rich cores and gene-depauperate tips in contrast to gene-poor arms with high recombination frequencies (25) . However, the frequency of copy-number breakpoints in the tips is similar to expectations based on size alone and greater than expected when the recombination frequency is taken into account (Fig. 3B) . Hence, the intrachromosomal distribution of spontaneous copy-number changes in our C. elegans study cannot be explained by the size of different chromosomal regions alone or by a combination of size and recombination frequency.
Individual gene duplication events in the N = 1 lines comprised one to 3,102 protein-coding genes, with a median of four protein-coding genes per duplication. We determined the degree of structural homology between the derived and ancestral paralogs to categorize them as complete, partial, or chimeric duplicates (Fig. 4A ) using previously described methods (22, 26) . The vast majority (98.6%) of gene duplicates arising in the N = 1 lines are complete, in that the derived copy contains all ancestral exonic, intronic, and untranslated regions in their entirety (Fig.   4B ). The high fraction of complete duplicates is a function of duplication span because larger duplications are more likely to contain completely duplicated genes, and the largest duplications arose in the N = 1 lines. Copy-number breakpoints in internal exonic regions result in either partial gene duplicates, which capture only part of the ancestral ORF, or chimeric gene duplicates, which fuse coding sequences from different genes. Seventy protein-coding genes were intersected by such breakpoints across all duplications and complex rearrangements in the N = 1 lines, generating 18 chimeric (0.5%) and 27 partial (0.8%) gene duplicates, whereas the structure of six CNV events could not be delineated due to the lack of quality split reads. The relative proportions of complete, partial, and chimeric gene duplicates varied significantly with the intensity of selection in the experimental lines, with higher frequencies of structurally heterogeneous duplicates (partial and chimeric) observed at larger population sizes (N = 10 and 100 individuals) (Fig. 4B) . The reduction in the fraction of complete duplicates likely stems from the eradication of very large segmental duplications (which harbor many complete duplicates) via purifying selection.
Increase in rDNA Copy Number. Ribosomal RNA (rRNA) genes (18s, 28s, and 5.8s) in C. elegans occur in long tandem arrays at one terminal end of chromosome I (27), a region that exhibits wide copynumber variation within C. elegans wild isolates (24) and among different nematode species (28) . This repeat region exhibited a threefold variation in ribosomal DNA (rDNA) copy number across our 33 MA lines (SI Appendix, Fig. S3 ). These changes in rDNA copy number based on read depth were strongly supported by oaCGH results (r = 0.9, P = 2 × 10
−12
). rDNA copy number per genome did not differ significantly as a function of population size (Fig. 4C) . However, the average rDNA copy number of 128 in the MA lines is significantly greater than that of the ancestor (98 copies) (Fig. 4C) . The results support the hypothesis of an intrinsic drive toward copy-number increase in rDNA genes in C. elegans, at least under standard laboratory conditions (28) .
Discussion
The genome-wide, spontaneous gene duplication rate measured in our MA lines is the highest for any organism to date and two ). Chromosome V harbors more spontaneous copy-number changes than expected by chance. (B) The expected and observed intrachromosomal distribution of spontaneous copynumber changes on chromosomal tips, cores, and arms in MA lines across different population sizes. The expected quantities are calculated from the proportion of the genome that is located in tips, cores, and arms. In addition, expected quantities were calculated from the product of the size and the recombination frequencies in different genomic regions. The observed distribution is significantly different from that expected based on size alone (G = 48.8; P = 2.55 × 10 −11 ) and when recombination frequency is taken into
orders of magnitude greater than previously reported for C. elegans (20) . Gene duplication rates from spontaneous MA experiments in Saccharomyces cerevisiae (29), Drosophila melanogaster (30), and Daphnia pulex (31) were estimated to be 3.4 × 10 −6 , 3.7 × 10 −7 , and 2.3 × 10
/gene per generation, respectively, representing an approximately two orders of magnitude difference. A combination of technical differences and sample size contribute to the differences between the estimates from this study and our previous analysis of gene duplication and deletion rates in C. elegans (20) . The preceding results were based on oaCGH arrays with unique probes only. In contrast, this study employed whole genome sequencing in combination with oaCGH arrays containing probes to unique and duplicated sequences, further enabling the detection of copy-number changes in preexisting duplications. Furthermore, the larger sample size in this study increases the probability of detecting rare large duplications. These astoundingly high rates of duplication and their inherent plasticity with respect to expansion and contraction suggest an important role for this form of genetic variation in adaptation to changing or fluctuating environments.
Several recent studies aiming to characterize the influence of segmental gene duplications in shaping gene expression patterns via a transcriptome approach have reached conflicting conclusions, arguing for (i) limited or no change in expression associated with duplication (6, (32) (33) (34) versus (ii) a significant increase in transcript abundance with increasing gene copy number (35, 36) . Conclusions garnered from the study of gene expression patterns in natural populations or laboratory strains that are subject to intense natural (usually purifying) or artificial selection are not ideal for making inferences about the average transcriptional consequences of any class of mutation at origin, including gene duplications. Elucidating how gene copy-number changes are targeted by selection first requires an understanding of how nascent gene duplicates engender the evolution of gene expression, conditions that are fulfilled in MA experiments where the efficacy of selection is minimized. The transcriptional activity of duplicated loci in the N = 1 MA lines barring line 1T are congruent with those observed in a preceding study in D. melanogaster, which found greater than twofold expression of synthetically constructed tandem duplications of the Adh gene (35) . Indeed, the average transcript abundance of a duplicated gene in the N = 1 MA lines was increased by threefold, suggesting that genes in segmental duplications are frequently overactive at inception. The exact mechanism(s) contributing to this transcriptional overexpression remain obscure and require further investigation but may be owing to positional effects of adjacent paralogs (35) or some form of dosage imbalance between duplicated genes and their regulatory elements.
Although gene duplications are frequently a source of adaptive genetic variation, some evidence suggests that they are, on average, deleterious (2, 5, 20, 30, (37) (38) (39) . The detrimental effects of duplications for fitness may be owing to (i) the cost of superfluous gene expression, (ii) dosage imbalance between duplicated genes and other genes in the genome that remain in single copy, and (iii) inappropriate expression of gene duplicates that are under the control of a different regulatory system (40) (41) (42) (43) . Our results demonstrate that an increased transcript abundance of gene duplicates contributes to their fitness cost. The average increase in transcript abundance following the duplication of a gene is negatively associated with population size, a consequence of increased efficiency of selection in our larger MA lines. Large copy-number changes appear to have greater fitness costs and are eradicated by selection even at small population sizes (10-100 individuals). Moreover, highly transcribed single-copy genes in the ancestor were more likely to be observed in duplicated form in the N = 1 lines, relative to the larger MA populations (N = 10 and 100 lines). This observed difference is expected if duplications of highly expressed genes have a greater fitness cost and are selected against in larger populations. Therefore, the cost of overexpression of duplicated genes also appears to be related to their normal transcriptional activity. Our RNA-Seq analysis of long-term C. elegans MA lines maintained at differing population sizes under both minimal and increasing intensity of selection can reconcile the discrepancy in conclusions about the influence of gene duplicates on gene expression from preceding studies that have argued for (36, 37) and against (6, 32-34) a change in gene expression following gene duplication. The presence of an extra copy of a gene engenders a greater than twofold increase in gene expression in the absence of selection, as is observed in Drosophila (35) and the N = 1 MA lines in this study. If the presence of a duplicate gene copy is deleterious to fitness and perturbs the ancestral gene dosage level, populations with greater efficacy of selection can be expected to eradicate the extra gene copy or silence the ensuing higher expression such that subsequent expression levels are rendered closer to the ancestral optimum. This will manifest as an overall lack of change in gene expression following gene duplication, as is observed in natural populations with extreme intensity of selection (6, (32) (33) (34) . The fact that the fitness cost is associated with increase in transcript abundance can explain why segmental duplications in natural populations often do not show transcriptional activity proportionate to their copy number.
Conclusion
Diverse models have been proposed for the maintenance and evolution of gene duplicates, and it is imperative that the creativity and proliferation in theory be matched with biological realism. Retrospective analysis of sequenced genomes has yielded a wealth of information about the importance of copy-number changes in evolution. A comprehensive understanding of the population dynamics and evolution of CNVs would be bolstered by information about their consequences for gene expression, with varying degrees of structural resemblance to the ancestral locus depending on the span of duplication and the location of duplication breakpoints. G1 and G2 represent ancestral loci; G1′ and/or G2′ represent duplications of G1 and G2 genes, respectively. Complete gene duplicates were identified as those resulting from a duplication event that spanned, at a minimum, the entire ORF and untranslated regions of one ancestral locus (in this case, G1′ is a complete duplicate of G1). Partial gene duplicates originate when only a portion of the ORF of the ancestral locus is duplicated due to the presence of at least one duplication breakpoint falling within the ancestral ORF (G1′ is a partial duplicate of G1 ). No significant difference is found between the distribution of N = 10 vs. N = 100 MA lines (G = 0.2, P = 0.9). (C) Greater than fourfold variation in rRNA gene copy number in the C. elegans MA lines. There is no relationship between population size and rDNA copy number (F = 1.57, P = 0.22). However, the average copy number of rRNA genes across the MA lines differed significantly from that of the ancestral control (t = 4.96, P = 2.23 × 10 phenotype, and fitness. Our experimental evolution study manipulating the strength of selection via differing population size bottlenecks establishes that copy-number changes upon conception can impose a significant fitness cost by perturbing ancestral transcriptional levels. However, gene duplications are the primary source of novel genes as well as provide the genetic fodder for adaptation to novel environmental regimes (44) (45) (46) (47) . Determining the context dependence of these genetic variants for organismal fitness hinges heavily on future investigations into their phenotypic, functional, and distribution of fitness effects using modern and emerging technologies of high-throughput genomics and genome editing.
Materials and Methods
C. elegans is a self-fertilizing nematode with several key characteristics that are particularly amenable to experimental evolution studies (SI Appendix, SI Experimental Procedures). The descendants of a single wild-type Bristol (N2) hermaphrodite were used to establish 35 MA lines that were subsequently maintained at three constant population sizes of N = 1, 10, and 100 individuals per generation (12, 13) (SI Appendix, Fig. S1 ). After the conclusion of the MA phase, the descendants of one, four, and five worm(s) from each N = 1, N = 10, and N = 100 MA line, respectively (SI Appendix, Fig. S4 ), were prepared for genome sequencing as previously described (13) . Copy-number changes in the MA lines were additionally assessed by oaCGH using the ancestral control line as a common reference. Raw reads generated from WGS were aligned to the reference N2 Genome and putative variants were identified using five CNV/SV detection programs. Replicate RNA samples for sequencing were prepared for all 33 MA lines, as well as the pre-MA ancestral control. RNA-Seq was performed on an Illumina HiSeq 4000 platform and the relative transcript abundance for each protein-coding gene estimated. Gene duplications and deletions were annotated based on the N2 reference genome (version WS247). Direct estimates of the spontaneous rates of origin were estimated from the N = 1 lines under minimal selection. CNVs were analyzed with respect to their structural and genomic characteristics including the degree of structural homology, span, and chromosomal location. Differential transcription of duplicated and deleted genes was assessed by comparisons to ancestral transcript abundance profiles. Details of the design of the MA experiment, procedures for oaCGH, wholegenome sequencing and RNA-Seq, identification of CNVs, and analyses of transcript abundance can be found in the SI Appendix, SI Experimental Procedures.
